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PURPOSE 

The objec t ive  of the program i s  t o  i n v e s t i g a t e  ma te r i a l s  and methods f o r  

the  f a b r i c a t i o n  of l a rge  a rea  solar c e l l s .  

ABSTRACT 

Experiments have been done on junct ions i n  po lyc rys t a l l i ne  GaAs t o  q r ,  ( , f (? 

c l a r i f y  the  e f f e c t  of i n t e r c r y s t a l l i n e  boundaries. 

a c e l l  i s  reduced, the leakage becomes unacceptably high. 

As the  sk in  r e s i s t a n c e  of 

Cuprous iod ide  forms a photovoltaic b a r r i e r  on n-type G a A s .  Work has 

been d i r ec t ed  a t  optimizing t h i s  system. 

o the r  b a r r i e r  systems. 

A s t a r t  has been made on explor ing 

G a P  on GaAs  s t r u c t u r e s  have been made. They do not  a l l  behave l i k e  

he t e ro  j unc t ions  . 
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FACTUAL DATA 

I. INTRODUCTION 

Some experiments have been s t a r t e d  which were aimed a t  measuring the  

e f f e c t s  of i n t e r c r y s t a l l i n e  boundaries i n  p o l y c r y s t a l l i n e  GaAs photovol ta ic  

junct ions.  

Since a powder cel l  may have s p e c i a l  advantages i n  a l a r g e  area s t r u c t u r e ,  

techniques a r e  being evolved which can be appl ied  t o  b a r r i e r  formation i n  such 

c e l l s .  I n  p a r t i c u l a r ,  the b a r r i e r  between cuprous iodide (CUI) and n-type 

GaAs has been s tudied .  

A series of GaP on GaAs b a r r i e r s  have been made. These do n o t  a l l  

be have i n  the expec ted fashion.  

It may be he lpfu l  i f  we def ine a t  t h i s  po in t  our usage* of the  words 

"bar r ie r"  and "heterojunction".  

r e s u l t i n g  from the contac t  of two d i s s i m i l a r  chemical phases .  By "hetero- 

junction" we  mean t h a t  s p e c i a l  form of "bar r ie r"  where the  junc t ion  exis ts  

a t ,  o r  on both s ides ,of  the chemical i n t e r f ace .  

By "bar r ie r"  we mean a r e c t i f y i n g  s t r u c t u r e  

11. GRAIN BOUNDARY EXPERIMENTS 

On pages 1 and 2 of t he  Second Quarter ly  Report, reasons were given f o r  

be l iev ing  t h a t  i n t e r c r y s t a l l i n e  boundaries w e r e  respons ib le  f o r  the "softness" 

of junc t ion  c h a r a c t e r i s t i c s  i n  po lyc rys t a l l i ne  mater ia l .  The s t u d i e s  re- 

ported the re  were made on junct ions formed by changing the  condi t ions  of 

growth t o  change the  conduct ivi ty  type of the depos i t .  

* Usage i n  t h i s  r epor t  and following ones. 
r e p o r t s  have been less prec ise  i n  t h i s  respect. 

Previous monthly and qua r t e r ly  

1 
t 
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Junct ions formed by Z n  d i f fus ion  i n t o  n-type GaAs could have the  

advantage of a more uniform junct ion depth (except perhaps a t  and near  i n t e r -  

c r y s t a l l i n e  boundaries) and a lower shee t  r e s i s t ance ,  as compared wi th  grown 

junc t ions .  Experiments were therefore  undertaken to  determine optimum 

d i f fus ion  condi t ions f o r  po lyc rys t a l l i ne  material. 

S l i c e s  of po lyc rys t a l l i ne  melt-grown n-type GaAs w e r e  exposed t o  Zn 

vapor a t  a f ixed  temperature for ten  minutes. 

s tandard  i l lumina t ion .  Observations of t he  V-I c h a r a c t e r i s t i c  w e r e  less 

revea l ing  s ince  pressure  contacts  w e r e  used. 

f o r  s i n g l e  c r y s t a l  material, mesas w e r e  e tched i n  regions away from t h e  i n t e r -  

c r y s t a l l i n e  boundaries and the  measurements w e r e  repeated.  

Voc was then measured under 

To ob ta in  a corresponding V oc 

Figure 1 shows how V var ies  w i th  the  temperature of d i f f u s i o n  f o r  

d i f f e r e n t  o r i g i n a l  carrier concentrat ions i n  the  n-type material. The c r y s t a l  

s izes  used i n  these experiments were many m i l l i m e t e r s  i n  lateral ex ten t .  

The f a l l - o f f  i n  V w i t h  increasing temperature of d i f fus ion  may be 

explained i n  the  following way. Consider two c r y s t a l s ,  A and B of Figure 2, 

w i t h  a common boundary and suppose that t h i s  boundary provides a leakage 

pa th  a t  the  junct ion.  

o v e r a l l  junc t ion  performance w i l l  be inc reas ing ly  degraded as the  shee t  

r e s i s t a n c e  of the  p-type l aye r  i s  reduced. It was  i n  f a c t  observed i n  the  

above experiments t h a t  t he  I-V c h a r a c t e r i s t i c  f o r  t he  po lyc rys t a l l i ne  

junct ions became l e s s  r e c t i f y i n g  as the  d i f f u s i o n  temperature was increased.  

oc 

oc 

I f  now an ohmic contac t  C i s  made t o  c r y s t a l  B, the  
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Fig. 1 V as a function of temperature 
oc 

C 

INTER-CRYSTALLINE BOUNDARY 

Fig. 2 Two-crystal model with a cormnon boundary 
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Reverting again t o  Figure 2, t he re  is  presumably some d i s t ance  L from 

the  i n t e r c r y s t a l l i n e  boundary over which the  l o c a l  photovol ta ic  e f f i c i ency ,  

9 ,  of the  junc t ion  i s  less than a requi red  e f f i c i ency ,  tR, f o r  the  whole 

c e l l .  L w i l l  be a funct ion of the shee t  r e s i s t a n c e  of the  p-type l aye r ,  and 

a l s o  of the  charac te r  of the  i n t e r c r y s t a l l i n e  boundary. Even when the  l o c a l  

e f f i c i e n c y  t i s  higher than 9 a t  places  w e l l  removed from such a boundary, 

i t  i s  c l e a r  t h a t  the  minimum acceptable  c r y s t a l  s i z e  i n  such a p o l y c r y s t a l l i n e  

device w i l l  be l a rge  compared with L. 

R 

Experiments have been s t a r t e d  t o  measure L f o r  d i f f e r e n t  c r y s t a l  

boundaries and junc t ion  depths. Using a polycrys ta l  of GaAs, Zn d i f fused  

f o r  10 minutes a t  500 C the  loca l  v a r i a t i o n  of Vc was observed by scanning 

the  device su r face  wi th  a f i n e  tungsten poin t  while  the c r y s t a l  w a s  i l lumi-  

nated.  Preliminary r e s u l t s  give L a 1  ma, i n  agreement wi th  other rough 

es t imates .  A twin boundary showed no loca l  e f f e c t  on V . 

0 

oc 

A similar experiment w a s  done by evaporat ing C U I  (see below) onto 

another  GaAs c r y s t a l  containing small angle  g ra in  boundaries. I n  t h i s  case,  

no drop i n  V w a s  found near these boundaries. oc 

111. BARRIER CELLS 

The d i f f i c u l t i e s  encountered wi th  po lyc rys t a l l i ne  c e l l s ,  ou t l i ned  

above and i n  the  previous qua r t e r ly  r e p o r t  lead us t o  consider c e l l s  employ- 

ing  i s o l a t e d  powder particles.  There are two main problems i n  such an 

approach: 

4 
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1. Mounting a l aye r  (preferably a s i n g l e  l aye r )  of particles on o r  i n  

a matr ix  which makes ohmic contac t  wi th  one s i d e  of the  p a r t i c l e s  

and, 

2. Making a junc t ion  i n ,  or b a r r i e r  contac t  t o  the  o the r  s i d e  o f  t he  

p a r t i c l e s ,  wi th  appropriate  e l e c t r i c a l  connections,  and i n s u l a t i o n  

as obviously required.  

A s tart  has been made upon the f i r s t  p a r t ,  (l), of t h i s  problem by 

press ing  GaAs p a r t i c l e s  i n t o  s o f t  aluminum shee t ,  which is subsequently 

given an anodic oxidat ion treatment. 

c l e s  are thereby in su la t ed  from the bottoms which are i n  contac t  wi th  the  

a1  uminum. 

One hopes t h a t  the  tops of the  p a r t i -  

Suppose now that s t e p  (2) above has been performed and t h a t  q is  the  
P 

average conversion e f f i c i ency  per  p a r t i c l e  and t h a t  p is the  r a t i o  of 

par t ic le  c ros s  sec t ion  t o  cell  cross s e c t i o n  perpendicular t o  the  i l lumina t ion .  

Then t h e  cel l  e f f i c i e n c y  q i s  l imited as 9 c- < p  q p' (1) 
C 

P o t e n t i a l  methods f o r  forming a junct ion o r  b a r r i e r  should therefore  be 

t e s t e d  on s i n g l e  c r y s t a l  mater ia l ,  bo th  because i t  w i l l  be s i m p l e r  t o  pe r fec t  

the  necessary techniques,  and a l s o  because Eq. (1) requ i r e s  qp> qc ,  and 1) 

can be approximated by measuring the e f f i c i e n c y  of s i n g l e  c r y s t a l  c e l l s .  

P 

Where the  barr ier-forming s tep  follows that of mounting the  p a r t i c l e s  

i n  a matrix,  there  w i l l  genera l ly  be temperature l imi t a t ions  on the  b a r r i e r -  

forming processes.  These considerat ions lead  t o  the  s tudy of cuprous iod ide  

(CUI) on GaAs. C U I  i s  a p-type semiconductor. It i s  t ransparent  t o  

approximately 2.8 - 3.0 ev. 
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Its  proper t ies  have been recent ly  reviewed by Herrick and Tevebaugh* who 

a l s o  give references t o  earlier l i t e r a t u r e .  C U I  forms a r e c t i f y i n g  and 

photovol ta ic  b a r r i e r  wi th  n-type GaAs .  I n  t h i s  respec t ,  i t  behaves as 

though it  forms an invers ion  layer  on the GaAs and makes an.ohmic contac t  t o  

t h i s  layer .  Hence, we r e f e r  t o  the system as a "barr ier"  and no t  a "hetero- 

j unc t ion" . 
C U I  can be formed on GaAs by three methods: 

1. Vacuum evaporation of CUI ,  

2. Vacuum evaporation of Copper, and the  subsequent exposure of the  

copper l aye r  t o  iodine vapor, 

3. Electrodeposi t ion of copper, and the  subsequent exposure of the 

l aye r  t o  iod ine  vapor. 

The va lue  of V obtained with a CuI/GaAs b a r r i e r  depends on the  chemical 

h i s t o r y  of the  GaAs c r y s t a l  up to  the  t i m e  a t  which the  Cu or  C U I  i s  deposited 

on it .  Various approaches have been t r i e d  followed by method (3) above, s ince  

the  e lec t rodepos i t ion  method i s  the f a s t e s t  one f o r  producing an experimen- 

t a l  ce l l .  The highest  values of V have been over 0-8v f o r  small area 

b a r r i e r s .  

t o  minimize the amount of oxide l e f t  on the  GaAs c r y s t a l  p r i o r  t o  the Cu 

oc 

oc 

These have been produced wi th  pre-treatments which w e r e  designed 

deposi t ion.  

The value of I depends not only on the  pre-treatment of the G a A s ,  sc 

but  a l s o  on the  o p t i c a l  transmission and la teral  shee t  r e s i s t ance  of the  C U I  

l ayer .  These depend on more than t h e  thickness  of the  C U I  l aye r .  

*C.S. Herrick and A.D. Tevebaugh, J. Electrochem.Soc. 110,119 (1963). 
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Work elsewhere i n  these  Laboratories is cu r ren t ly  aimed a t  understanding and 

con t ro l l i ng  the  proper t ies  of the  C U I  l ayers .  

The value of Isc a l s o  depends on the gr idding of the c e l l .  Using a 

s i m p l e  U-shaped g r id ,  values of V = 0.79 v o l t  and I = 1 7  ma have been 

obtained under microscope l i g h t  i l luminat ion.  However, the  est imated sun- 

oc sc 

l i g h t  e f f i c i ency  of a similar c e l l  was  below 1%. 

It i s  poss ib le  t h a t  a b a r r i e r  ce l l  w i l l  have b e t t e r  performance than a 

homojunction cell  when made on po lyc rys t a l l i ne  material. As noted above, 

small angle  gra in  boundaries did not  l o c a l l y  lower V i n  a CuI/GaAs ce l l .  
oc 

I n  preliminary s tud ie s ,  CuI /polycrys ta l l ine  GaAs c e l l s  have shown very 

1 i t t 1 e r ec t i f  ica t ion.  

Other approaches t o  the  ba r r i e r  type c e l l  have begun. Thin 

l aye r s  of Cu were deposited on n-GaAs s i n g l e  c r y s t a l s  and a i r  f i r e d .  The 

chemistry is  not  understood. A l ayer  forms which does not  behave l i k e  any 

of the  copper oxides.  A Cu/GaAs b a r r i e r  gives about 0-3 v fo r  V . After  

f i r i n g  V 

oc 

= 0.8 v and Isc = 5 m a  have been observed. 
oc 

This technique, when applied to  a po lyc rys t a l l i ne  n-type GaAs f i lm,  

has yielded V = 0.5 v and I = 1.2 ma, and a V-I c h a r a c t e r i s t i c  showing 
oc s c  

b e t t e r  r e c t i f i c a t i o n  than has been observed with grown p-n junct ions on such 

f i lms  . 

I V .  GALLIUM PHOSPHIDE 

The work i n  t h i s  a rea  has aimed a t  the production of GaP/GaAs he tero-  

junct ions.  

7 



I n  the  course of the work, fu r the r  information has been obtained on the  GaP 

growth process.  

To obta in  conducting layers  of GaP reproducibly,  i t  is  now clear t h a t  

both the  geometry of the  apparatus and the  temperatures of the source 

c r y s t a l  and s u b s t r a t e  r equ i r e  c lose  cont ro l .  The temperature d i f f e rence  be- 

tween the  source and s u b s t r a t e  must be less than 5OoC. 

It has been found that conducting Gap f i lms show red  photoluminescence 

a t  l i q u i d  n i t rogen  temperature. If the  luminescense i s  absent  o r  dim, the  

conduct iv i ty  i s  l o w .  

I n  t h i s ,  a s  i n  o ther  ba r r i e r  s tud ie s ,  i t  i s  convenient, where poss ib le ,  

to s ta r t  with s h g l e  c r y s t z l  r i t e r i a l .  A series of n-GaP on p-&As s i n g l e  

c r y s t a l  b a r r i e r s  w e r e  made under i d e n t i c a l  condi t ions but  wi th  increas ing  

t i m e s  of deposi t ion.  V became lower f o r  th icker  GaP depos i t s .  It 

dropped from 0.55  v a t  20 microns t o  about 0.1 v a t  45 microns thickness  of 

Gap. This would not  be expected i f  an i d e a l  he te ro junc t ion  w e r e  being 

formed. One p o s s i b i l i t y  i s  that the  junc t ion  is  formed deeper i n  the  GaAs 

as t i m e  goes on a t  the  high temperature. 

oc 

On the  o ther  hand, when t h i s  experiment was  repeated wi th  a smaller 

temperature d i f f e rence  between the source and the  s u b s t r a t e  GaAs (and 

using another furnace)  V remained approximately 0.6 v f o r  thickness  i n  
oc 

the  range 120 t o  250 microns. 

Similar  b a r r i e r  c e l l s  made on po lyc rys t a l l i ne  GaAs show less r e c t i f i -  

ca t ion ,  p a r t i c u l a r l y  when i l luminated.  I f  the  junc t ion  l i e s  wholly wi th in  

the  G a A s  l ayer ,  t h i s  r e s u l t  would be expected. 

I 
I 
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FUTURE PLANS 

We will attempt to get more quantitative information on the effect of 

the intercrystalline boundaries on cell performance. 

The work on C U I  and other barrier-forming materials will be continued 

and applied to polycrystalline and powder deposits when the performance on 

single crystal GaAs looks promising. 

Attempts will be made (by measuring the spectral response, for example) 

to get a better understanding of GaP/GaAs barriers, and also to further 

refine the growth of GaP layers. 
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CONCLUSIONS 

The work of t h i s  qua r t e r  gives f u r t h e r  support  to  the  v i e w  that leakage 

a t  i n t e r c r y s t a l l i n e  boundaries i s  the  major f a c t o r  which l i m i t s  t he  

e f f i c i e n c y  of po lyc rys t a l l i ne  GaAs s o l a r  c e l l s .  

As a r e s u l t ,  we f u r t h e r  conclude t h a t  more a t t e n t i o n  should be 

focussed on bar r ie r - type  c e l l s  - on e i t h e r  po lyc rys t a l l i ne  or powder s e m i -  

conductors.  

It i s  concluded t h a t  the GaP/GaAs junct ions made t o  da t e  c o n s i s t  of 

b a r r i e r s ,  r a t h e r  than heterojunct ions.  
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